In stationary pre-mixed flames of hydrocarbons at pressures between 1 atm. and a few mm. the thickness of the reaction zone varies approximately inversely with the pressure, and the flame speed is independent of pressure. Marked exothermic reaction begins around 700 to 800° C, and the time of passage through the pre-heating zone is very much less than the induction period for ignition at this temperature; a purely thermal mechanism of flame pro pagation is inadequate. The thickness of the reaction zone is related to the distance which free hydrogen atoms may diffuse against the gas stream. Calculations are made on the rela tion between rates of diffusion, flame thickness and flame speed, and are compared with experimental values. It appears that diffusion of free atoms or radicals can account for flame propagation satisfactorily; the correct relation that the flame speed is nearly independent of pressure is obtained.
I n t r o d u c t io n
While many attempts have been made to explain the propagation of a flame through a combustible mixture in terms of a purely thermal theory, it has also been pointed out, for example by Lewis & von Elbe (1934) , that diffusion of chemically active species (free radicals or free atoms) may be of importance in initiating the com bustion ahead of the flame front. Recently further evidence in support of this view has been accumulating. Thus Egerton & Powling (1948) have shown th at the rate of flame propagation in mixtures is in many cases not influenced by the addition of 'promoters', although these affect the ignition temperature and would therefore be expected to affect the flame speed if this were governed by purely thermal processes. In flames at very low pressure, where the reaction zone is much thicker, we have obtained evidence (Gaydon & Wolfhard 194.8 ) from absorption spectra th at the concentration of OH radicals just in front of the reaction zone is much higher than that calculated thermally. The relation between flame velocity and the rate of diffusion from active centres has also been discussed by Van Tiggelen (1946) for methane-air flames. Most suggestive of all, Tanford & Pease (1947) have shown that the flame velocity in moist carbon monoxide-oxygen flames depends on the con centration of free hydrogen atoms, although oxygen atoms are ineffective, a t least in this flame. They have made some calculations on the flame velocity and rate of diffusion of hydrogen atoms against the gas stream. These are im portant in in dicating the undoubted role of the diffusion of hydrogen atoms, but their conclusion th at the flame velocity should vary inversely as the fourth root of the gas pressure is inconsistent with our observations on the effect of pressure on flame speed for various hydrocarbon flames; provided tubes of sufficiently large diameter are used, to reduce wall effects, flames of acetylene appear to have an almost constant velocity down to very low pressures (1 mm. of Hg).
We believe th at hot stationary flames are maintained by diffusion of free atoms and radicals back from the hot burnt gases, rather than by the creation of new ignition centres. I t is the purpose of this short paper to discuss the effect of diffusiop on the rate of flame propagation and on the thickness of the reaction zone.
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T h e r e l a t io n b e t w e e n f l a m e v e l o c it y a n d r e a c t io n v e l o c it y
If we make some rather rough approximations it is possible to relate the rate of chemical reaction in the reaction zone of a flame with the flame velocity. The tre a t ment given here is a development of th at of Damkohler (1940) . Let us consider the flame front as being divided into a pre-heating zone of thickness 8pr and a reaction zone of thickness Sr. At the division between these zones we may locate the ignition point, at which the reaction commences. The ignition point may be defined as th a t point before which there is no appreciable exothermic reaction. Now let us use the symbols Tt, Tign, Tr and Tf to denote the temperatures respectively initially, a t the ignition point, in the reaction zone (mean value), and finally after reaction is complete.
Let nc be the number of combustible molecules per cm.3 present initially, let u be the reaction velocity, and let v be the flame velocity, which will be equal to the initial rate of gas flow for a stationary flame. We shall measure distance x through the flame front from the ignition point as origin. Now, by definition, the number of molecules consumed by reaction is r*r ncv = udx = u 8r,
Jo where u is the mean reaction velocity defined by this equation.
If we plot the temperature through the reaction zone against x, then, with Damkohler, we may make the approximation th at the temperature gradient a t the ignition point is related to the average temperature gradient through the reaction zone by a constant F, so th at
Plots of the temperature through the reaction zone indicate th at F has a value between 1 and 2. Now taking Xign -heat conductivity coefficient a t the ignition point, cp -mean specific heat at constant pressure in the pre-heating zone, and p -density in the initial state, we may express the heat current a t the ignition point as
The influence of diffusion on flame propagation Hgn Combining (2) and (3) O p P V^n -T f ) .
Inserting the value of from (1), we obtain giving r, F _ K n^T ,-T im)
From this it should follow th a t the square of the flame velocity will be roughly proportional to the reaction velocity. This formula, which has sometimes been presented in rather different forms, has never been properly tested experimentally. The only directly observable quantity is the thickness of the luminous reaction zone, and we shall now proceed to examine the nature of this.
T h e t h i c k n e s s o f t h e l u m i n o u s r e a c t io n z o n e
Flames of most organic fuels, especially hydrocarbons, always show intense light emission from a thin region where the combustion is taking place. This corresponds to the 'inner cone' of flames of the Bunsen-bumer type. In a flame at atmospheric pressure it is very difficult accurately to measure the thickness of this luminous reaction zone because it is so thin. W ith flames a t low pressure the dimensions are increased. I t has been found experimentally (Wolfhard 1943) th at over a wide range of pressure the thickness of the luminous zone varies inversely as the gas pressure. By measuring the thickness a t various pressures it has been possible to extrapolate back to atmospheric pressure with fairly high accuracy. Approximate flame velocities at atmospheric pressure have also been determined in the usual way from a knowledge of the gas flow and dimensions of the cone of the flame.
The following are the values of the thickness of the luminous reaction zone, and the flame velocity v for various mixtures a t atmospheric pressure: These values are for the luminous zone, and are measured between the points of maximum rate of change of luminosity on each side of the zone, i.e. between * con trast zones The real thickness of the luminous region is, of course, greater than this, but this is the only value which is readily measurable.
These measurements are for the luminous part of the reaction zone, and we do not know, a priori, whether this corresponds to the reaction zone of the flame, or whether it includes part or all of the pre-heating zone, or whether it corresponds to only a part of the reaction zone. In the flames a t low pressure, with a relatively thick reaction zone, measurements have been reported (Klaukens & Wolf hard 1948) on the temperature distribution through the flame front as determined with a therm o couple. Figure 1 shows curves of thermocouple reading against height above the burner top for oxy-acetylene and for three acetylene-air mixtures. In these the positions, relative to the burner top, of the luminous zones are indicated, the full line indicating the measured portion between contrast zones, and the broken curve the approximate region over which some luminosity was detectable. These curves show th at the top of the luminous zone corresponds fairly well with the attainm ent of maximum temperature, and therefore serves to indicate the top of the reaction zone quite well. In figure 2 the beginnings of the curves (1) and (4) of figure 1 have been redrawn, but with a correction for loss of heat from the thermocouple by radiation; curves have also been calculated, and are shown by the broken lines, for the rise of tempera-ture due to heat flow back from the burnt gases. Curves of this type have been given previously (Klaukens & Wolf hard 1948) . I t will be seen th a t the observed curve of temperature against distance through the flame front agrees closely with the calculated curve up to a temperature of around 700° C, above which the heat liberated by the exothermic combustion processes begins to become appreciable.
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The influence of diffusion on flame propagation distance above burner top x p /10 (mm.) F igure 2. Curves (1) and (4) of figure 1 are reproduced but with the thermocouple readings corrected for radiation losses. The dotted curves are the calculated temperatures which should be attained due to thermal conduction from the hot flame gases. The ignition temperatures, T ian, at which exothermic reaction becomes appreciable, are indicated by arrows.
We may thus locate the ignition point roughly as that point where the observed and calculated curves begin to show appreciable divergence. The ignition points deter mined in this way are indicated by vertical arrows in figure 2, and are also marked in similarly in figure 1. Again we see that the beginning of the reaction zone, as indicated by these arrows, corresponds fairly well with the points a t which the first impression of light is obtained. We may draw two conclusions from this. First, the ignition point corresponds to a temperature of about 700 to 800° C. Secondly, the thickness of the reaction zone is equal to the thickness of the total luminous region, although it is somewhat larger than the region measured between the contrast zones; we suppose th a t the course of the reaction velocity is very similar to the lightintensity curve.
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The average time a molecule remains in the reaction zone will depend on the thickness of the zone 8r and the average velocity through the zone. This velocity will be greater than the flame velocity, v, because of the rise of temperature. The change in the number of molecules present as a result of the chemical reaction and to a less extent as a result of dissociation will ha ve a slight effect on the amount by which the gases expand in passing through the reaction zone. However, as an approximation we may write For a stoichiometric oxy-acetylene flame a t la tm . 8t = 0-002 cm., and hence 8r will be about 0-003 cm. and tr around 4 x 10-7 sec. The time of passage through the zone in which the temperature rises from 500 to 800° C, where we might expect the initiating reactions to occur, will be still smaller. Since we have seen th a t exothermic reaction is appreciable by the time a temperature of 800° is reached, and a t this temperature the induction period must be very much greater than 10~7 sec., we see th at purely thermal propagation is inadequate to account for the observations.
In the following table we give values of th the time of passage through the luminous reaction zone, for some flames. These values of tt are calculated from the observations of 8t and will be a little less than the values of tr. The times vary by a factor of 200 between the fastest and slowest flames studied. mixture h (sec.) C2H 2 + 2£02 3-1 x 10~7 CaH 2 + 2£Oa + 9-4N2 6-9 x 10-6 0 2H 2 + 2£02 + 9^A 2-6 x 10-« C<H10 + 6pD2 + 24-5N2 6-8 x 10-5
T h e r e l a t io n b e t w e e n d i f f u s i o n a n d t h e t h i c k n e s s o f t h e r e a c t i o n z o n e
The distance x travelled by a molecule by diffusion in time t is given by the usual relation* " ^ _ x 2 = 2 where D is the diffusion coefficient. For flame gases D is rather difficult to evaluate because of its dependence on temperature. I f we consider the diffusion of hydrogen atoms, which diffuse most rapidly, and which appear, from the work of Tanford & Pease, to be of major importance, we can make some approximate calculations. We assume an average temperature between the ignition temperature and the final temperature, and for D we take the value 2-0 for hydrogen atoms diffusing into a mixture of carbon dioxide and water vapour a t s .t .p ., and use the gas kinetic relation th a t D is proportional to T*\ this neglects the Sutherland constant, values for which are only known over a small temperature range. The data are set out in the following We see th a t there appears to be a definite proportionality between the thickness of the reaction zone and the distance through which a molecule may diffuse. An atom starting a t the end of the reaction zone, where the concentration of free atoms and radicals is highest, moves towards the ignition point by diffusion and is driven back by the flow of gas. According to the x 2 = 2 law, the diffu and slows down as the limit of diffusion is reached. To reach the ignition point an atom will travel by diffusion a distance of approximately in time tr. This can be shown by differentiating x = *J(2 Dt)to obtain the velocity, and gas velocity a t the ignition point. This gives us the proportionality between the distance covered by diffusion and the thickness of the luminous zone which is observed experimentally. Of course, in practice, some individual atoms diffuse more rapidly than others, so that the commencement of chemical action and beginning of luminosity is rather indefinite, as is in fact observed, although the more rapid initial diffusion at the high temperature end of the reaction zone and the slowing down as the atoms come into cooler gas sharpens the limit somewhat. In practice it seems th at the distance x travelled by diffusion is very nearly equal to 3<5j. Thus, allowing for the rather big approximations involved in the calculations, and the fact th at the thickness of the reaction zone is rather greater than the thick ness of the luminous zone, St,measured between contrast zones, it relation th at the distance travelled by diffusion in time tr is equal to 28r is sufficiently confirmed by experiment. I t may therefore be taken as fairly well established th a t the ignition point, as previously defined by the commencement of marked exothermic reaction, corresponds to the limit to which free atoms or radicals may reach by diffusion against the gas stream. Thus we again arrive a t the relationship between the square of the flame velocity and the reaction velocity, but deduced in a more natural way and based on experi ment.
From the above relationship (6) we can predict th at the flame velocity should be independent of pressure because, ne is proportional to pressure, D is inversely proportional to pressure, and u will be proportional to the square of the pressure if it depends on the total number of two-body collisions occurring per unit volume per sec. This independence of flame velocity on pressure cannot be expected to hold with absolute rigidity because among other factors the amount of dissociation in the flame will vary slightly with pressure and this will affect both the flame temperature (and hence the rate of diffusion) and the concentration of free atoms at the ignition point. Nevertheless we see from (6) th a t the velocity should not vary very greatly with pressure provided the character of the chemical processes remains similar and the burner diameter is sufficiently great to prevent surface effects from becoming important. In practice (Wolfhard 1943) it has been found th at for an oxy-acetylene flame the velocity is quite accurately independent of pressure over the range 1 atm. to 10mm. and there is no marked change down to 1mm., and for acetylene-air and butane-air flames the variation is slight. This is in contrast with the calculations of Tanford & Pease which predict th a t the flame velocity should vary inversely as the fourth root of the pressure. Their calculation assumes th a t the amount of dis sociation is inversely proportional to the square root of the pressure; however, this would only be the case if the flame temperature were independent of pressure. I t seems th a t in practice the flame temperature adjusts itself so th a t the proportion of free atoms and radicals does not vary so greatly. Thus (see Gaydon & Wolfhard 1948) for an oxy-acetylene flame a t 1 atm. pressure the equilibrium mixture contains 12% of atomic oxygen and 7 % of atomic hydrogen; a t y j^atm . the atomic oxygen only rises to 14£ % and th at of hydrogen to 13 %, which is very much less than the ten-fold increase given by the inverse square-root law.* These rather crude calculations, based on the relation between the distance through which a hydrogen atom may diffuse and the observed thickness of the luminous reaction zone, give strong support to the view th a t the diffusion of free atoms and radicals is of major importance in the mechanism of flame propagation. The prediction th a t the flame velocity should be nearly independent of pressure, which is confirmed by observation, indicates th a t the calculations we have made are probably applicable to the hydrocarbon flames studied. The comparatively low temperature a t which the ignition point appears to lie, and the very short induction periods required are inconsistent with a purely thermal theory of flame propagation.
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The second virial coefficients of organic vapours 
I n t r o d u c t io n
The Berthelot equation is generally regarded as providing a satisfactory empirical approximation to an equation of state for vapours at pressures below 1 atm. Direct measurements of the compressibility of acetaldehyde vapour (Alexander & Lambert 1941) showed th at the second virial coefficients at temperatures between 20 and 100° C were very much higher than the values calculated from critical data by the Vol. 196. A.
